Enzymatic lignocellulose hydrolysis plays a key role in microbially-driven carbon cycling 2 and energy conversion, and holds promise for bio-based energy and chemical industries. Cellulases 3 (key lignocellulose-active enzymes) are prone to interference from various non-cellulosic substances 4 (e.g. metal ions). During natural cellulolysis, these substances may arise from other microbial 5 activities or abiotic events, and during industrial cellulolysis, they may be derived from biomass 6 feedstocks or upstream treatments. Knowledge about cellulolysis-inhibiting reactions is of 7 importance for the microbiology of natural biomass degradation and the development of biomass 8 conversion technology. Different metal ions, including those native to microbial activity or employed 9 for biomass pretreatments, are often tested in enzymatic cellulolysis. Only a few metal ions act as 10 inhibitor for cellulases, which include ferrous and ferric ions as well as cupric ion. In this study, we 11
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FeO(OH) to Fe(II)), sulfate reducers (able to reduce SO 4 2-or S to HS -), or methanogens (able to reduce CO 2 1 to CH 4 ). Among them, the Mn(IV) and Fe(III) reducers, as well as general anoxygenic photosynthesis, can 2 generate diffusible redox-active mediators and Mn or Fe species. Spatial and temporal distribution of 3 different microbes or respiration modes, and consequently redox environments or abundance of redox-4 active agents, in microbiota is subjected to air O 2 availability and geochemical conditions (for recent 5 reviews, see 4, 34). When exposed to air, aerobic cellulolytic microbes (mostly fungi) degrade cellulose by 6 coupling the process to their respiration. Local anoxicity/anaerobicity may be formed due to fast 7 metabolisms by these and other aerobes, thus allowing anaerobic cellulolytic microbes (mostly bacteria) to 8 degrade cellulose. Aerobic cellulolytic microbes may border with, and anaerobic cellulolytic microbes may 9 live within, non-cellulolytic anaerobes (facultative or obligate, saccharolytic or syntrophic) relying on non-10 O 2 respirations. Consequently, metabolites or products (including redox-active agents) from the non-11 cellulolytic anaerobes might contact and affect cellulolytic microbes, their cellulases, or targeted 12 lignocelluloses, as part of a more general cohabitation, collaboration, or competition among different 13 cellulolytic and non-cellulolytic species (for recent reviews, see 23) . 14 Biomass-active microbes and enzymes, as well as natural microbial biomass degradation 15 processes, are highly attractive for the emerging biomass conversion/utilization industry (biorefinery). 16 Three of the major challenges faced by the biomass conversion research and development efforts are the 17 general recalcitrance of biomass, heterogeneity of common feedstocks, and inhibition of specific 18 transformation reactions by coexisting non-substrate substances. In general, the structural and 19 compositional complexity of biomass makes the separation of its components and subsequent 20 transformation to valuable chemicals difficult. For effectively and efficiently converting cellulose (one of 21 the main targets of biomass conversion), one needs to not only optimize the efficacy of cellulases 22 (cellulolytic biocatalysts), but also minimize the detrimental effects from various cellulose derivatives and 23 non-cellulosic substances originated from biomass feedstock or upstream treatments (for recent reviews, 24 see 11, 13, 22, 42, 44). as FeSO 4 in water, unless specified otherwise. FeSO 4 was added to the cellulose hydrolysis suspension and 25 their inhibitions were evaluated by the decrease of hydrolysis. For PASC hydrolysis, 0.6 to 4 g/L PASC, 26 0.01 g/L cellulase mix, and 0.1 to 10 mM FeSO 4 were reacted in 50 mM Na-acetate of pH 5. As a control, 27 Other assays. Protein determination of cellulase samples was made with Pierce BCA kit after 11 subjecting samples to gel-filtration. and FeCl 2 caused a significant inhibition of the hydrolysis (Fig. 1) . Since other tested sulfates and 5 chlorides were benign, the inhibition was most likely due to Fe(II). 6
The concentration dependence of Fe(II)'s inhibition on enzymatic cellulolysis was probed with the 7 hydrolysis of Avicel or PASC by cellulase mix. For the hydrolysis PASC by cellulase mix, the addition of 8 mix, the addition of FeSO 4 also resulted in double-reciprocal plots indicative of a mix-type inhibition, but 11 no simple K i could be extracted due to plot complexity. Table 1 shows the I 50 obtained from Initial rate vs 12 [FeSO 4 ] plots. Apparently, Fe(II)'s inhibition on Avicel hydrolysis was more pronounced than that on 13 PASC. For the hydrolysis of PCS, an I 50 ~7 mM was observed for FeSO 4 . 14 Fe(II) also exerted inhibition on PASC hydrolysis by the major components of cellulase mix (Fig.  15 2). For CEL7A, CEL7B, CEL5A, and CEL3A, the Initial rate vs [Fe(II)] plots appeared as mixed type, 16 whose complexity also prevented extraction of simple K i . Table 1 showed slight or moderate inhibition, on the hydrolysis. In contrast, FeSO 4 (as well as FeCl 2 ), and CuSO 4 26 resulted in ~70% or more loss of both initial hydrolysis rate and hydrolysis extent after 4 days ( Table 2) . 27
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MnSO 4 was also tested at 0.1 to 10 mM range, and no effect on the hydrolysis was observed, although 1 FeSO 4 at the same range caused a concentration-dependent inhibition. were added. No change on the inhibition was seen, indicating that it was the Fe species, rather than 12 oxygen-based species derivable from Fenten chemistry, that caused the inhibition mainly. 13
To directly study Fe(III)'s effect on enzymatic cellulolysis, FeCl 3 was added into Avicel 14 hydrolysis by cellulase mix. At 10 mM level, FeCl 3 resulted in ~90% loss of both initial hydrolysis rate 15 and hydrolysis extent after 4 days ( Table 2 ). In a hydrolysis of 2 g/L PASC by 0.01 g/L cellulase mix, 10 16 mM FeCl 3 resulted in ~80% loss of both initial hydrolysis rate and hydrolysis extent after 4 days, 17 comparing to the ~30% loss brought by FeCl 2 . Thus, Fe(III) exerted more potent inhibition than Fe(II). 18
In addition to Fe(III), two other trivalent and oxidative metal ions, Cr(III) and Ru(III), were also 19 tested. At 10 mM level, CrCl 3 and RuCl 3 exerted moderate and pronounced inhibition on enzymatic Avicel 20 hydrolysis, respectively (Table 2) . 21
Differential inhibition of enzymatic cellulolysis by iron-chelator complexes. To further probe 22
how iron ions inhibited enzymatic cellulolysis, iron-chelator complexes with variable size or redox 23 property were tested. For Avicel hydrolysis by cellulase mix, 10 mM Fe(2,2'-BP) 3 Cl 3 , FeCl 3 , FeCl 2 , 24 Fe(2,2'-BP) 3 Cl 2 , FeNa(EDTA), K 4 Fe(CN) 6 , K 3 Fe(CN) 6 , or Fe-citrate exerted various degrees of inhibition 25 (Table 3 ). Iron complexes with higher oxidation potential E o tended to cause more hydrolysis inhibition 26 (Fig. 3) . 27
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Concentration dependence of the effect of inhibitory metal ions (in addition to Fe(II)) and 1 complexes was also studied in Avicel hydrolysis by cellulase mix. As shown in Table 4 , oxidative Fe(III), 2 Ru(III), and Cu(II) species had I 50 much lower than Fe(II) species. 3
To further probe the connection between E o and cellulolysis inhibition of oxidative substances, p-4 benzoquinone and p-hydroquinone (reduced quinone), with an E o of 0.715 V (10), was tested in Avicel 5 hydrolysis by cellulase mix. At 5 mM level, quinone resulted in ~50% loss in both initial hydrolysis rate 6 and extended hydrolysis extent, while p-hydroquinone exerted no effect. The "pre-incubation" study was also made with the hydrolysis of PASC. Pre-incubating FeCl 2 23
with PASC led to ~60% and no loss, respectively, in initial rate and extended hydrolysis extent. Pre-24 incubating FeCl 2 with cellulase mix led to ~70% and no loss, respectively, in initial rate and extended 25 hydrolysis extent. Fresh FeCl 2 led to ~30% and no loss, respectively, in initial rate and extended hydrolysis 26 extent for the hydrolysis of PASC by cellulase mix (fresh or buffer pre-incubated). Replacing FeCl 2 with 27
FeSO 4 led to similar result. Pre-incubating FeCl 3 with PASC led to ~50 and 10% loss, respectively, in 28 on October 15, 2017 by guest http://aem.asm.org/ Downloaded from 13 initial rate and extended hydrolysis extent. Pre-incubating FeCl 3 with cellulase mix led to ~50% and no 1 loss, respectively, in initial rate and extended hydrolysis extent. Fresh FeCl 3 led to ~70 and 30% loss, 2 respectively, in initial rate and extended hydrolysis extent for the hydrolysis of PASC by cellulase mix 3 (fresh or buffer pre-incubated). 4
To probe whether Fe(II) could be adsorbed onto cellulose, a partition study was made. After 5 incubating Avicel and FeSO 4 , no detectable Fe(II) adsorption onto Avicel was seen, indicating that Fe(II)'s 6 inhibition on enzymatic cellulolysis was likely not related to cellulose adsorption. The Avicel presence did 7 not significantly affect the auto-oxidation rate of Fe(II) into Fe(III) in aerated solution. 8
Pre-incubating with FeCl 2 resulted in a PASC whose initial reactivity towards cellulases was 9 inferior to those of fresh or buffer pre-incubated PASC, indicating a detrimental modification by Fe(II) on 10 PASC. Washing FeCl 2 -preincubated PASC with 2,2'-bipyridyl, to strip off adsorb iron ions, did not 11 improve the initial reactivity of the PASC towards cellulases, indicating that the Fe-caused PASC 12 modification was not simple Fe adsorption. 13
Possible interaction between iron ion and cellulase proteins was probed by electrophoresis. On 14 non-denaturing PAGE, in comparison with fresh individual cellulases, the FeSO 4 pre-incubation led to a 15 decrease (or diffusion) of the intensity of the major protein bands in cellulase mix, particularly that of BG. 16
Higher [FeSO 4 ] in the pre-incubation led to more pronounced decrease in PAGE band intensity. Thus, the 17 interaction with the inhibitors seemed to affect the folding or stability of the major cellulases. 18
Mitigation of iron ion-caused cellulolysis inhibition. In one experiment, Fe(II) was subjected to 19 oxidation by H 2 O 2 , and the oxidation effect on the cellulolysis inhibitor was studied. As shown in Fig. 4A,  20 the pre-incubation of FeSO 4 , H 2 O 2 , and PCS, prior to cellulases addition, led to a relief of the inhibition by 21
Fe(II). The presence of desferrioxamine, a strong Fe(III) chelator, resulted in a complete mitigation against 22 the iron ion-caused inhibition on enzymatic cellulolysis. In the absence of Fe(II), H 2 O 2 with or without 23 desferrioxamine only affected the hydrolysis slightly (Fig. 4B) . At 10 mM, desferrioxamine itself did not 24 affect the hydrolysis of PCS. 25
At 1 and 10 mM, Fe(III)-citrate did not affect the hydrolysis of PCS by cellulase mix 2, likely due 26 to the Fe(III) chelation by citrate, similar to the case with cellulase mix (Table 3) . 7-9, 12, 15, 17, 18, 26-28, 30, 32, 37) . In this study, we also 2 observed significant inhibition from Fe(II) on the major cellulases (CEL7A CBH-I, CEL6A CBH-II, 3 CEL7B EG-I, CEL5A EG-II) in H. jecorina, and to a lesser extent on A. oryzae CEL3A BG. A 4 mechanistic understanding of the Fe(II) or Cu(II) effect has not been addressed in previous reports, 5 although it might be ascribed to detrimental binding to cellulases that causes conformational change or 6 replacement of native metal cofactors, or to cellulose that blocks the accessibility for cellulase. Our study 7
suggested that Fe(II) and Cu(II) exert their inhibitory effect on enzymatic cellulolysis via a redox 8 mechanism. 9
It is known that cellulose can be oxidized, at its "reducing ends", by Cu(II), and that oxidized 10 cellulose is less reactive than unoxidized cellulose toward cellulase action, including that of CEL6 CBH-II 11 which in general has specificity to cellulose's non-reducing end (46). Although it has been postulated that 12 the cellulose oxidation might to decrease cellulase accessibility, the molecular mechanism of the effect 13 remains to be fully elucidated. Such detrimental oxidative effect is anticipated for oxidants other than 14 Cu(II). In this study we showed that various oxidants (including Fe(II) and Cu(II)), whether as metal ions, 15 organics, or metalloorganics, could inflict significant inhibition on enzymatic cellulolysis (Tables 2-4) . Pre-incubating cellulases or cellulose with iron ions led to slightly or significantly inactivated 11 cellulases or cellulose, respectively. Likely, iron mainly targeted cellulose for its inhibition on enzymatic 12 cellulolysis. No significant iron ion adsorption onto cellulose seemed to rule out any major role of iron-13 cellulose complexing in the iron's inhibitory effect. 14 Fe(II) showed a stronger inhibition on the hydrolysis of Avicel than that on PASC (Table 1) 
